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According to field observation, the magmatic rocks of Lingshan island are grey-white in colour, with massive structure 
on the whole, and local stomatal, almond and rhyolite structures. Microscopic observation shows that they mainly have 
porphyritic texture. The main Phenocryst minerals include plagioclase (20 %), quartz (4 %), alkaline feldspar (3 %) and 
pyroxene (2 %), which are mostly semi-automorphic or heteromorphic, and the matrix is mainly glassy. The plagioclase 
number ranges from 23 to 35, belonging to the oligoclase-andesine series, indicating that the magmatic rocks in this area are 
close to intermediate. The SiO2 content of the magmatic rocks on Lingshan island is 56.54 % - 61.76 % (average: 59.63 %) 
which gradually increases from north to south. It also can be concluded that the lithology in the study area is a series of 
intermediate rocks. The analysis of trace element experimental data shows that crustal elements such as Th, Zr, U, Ba and 
Pb are enriched, whereas incompatible elements such as Nb and Ti are deficient, this indicates that the magmatic rocks 
originated from partial melting of the lower crust. The rocks have high strontium and low rubidium contents, which 
indicates that amphibole, garnet and a small amount of potassium feldspar remain in the source area. Finally, from detailed 
analysis of Nb-Y, Rb-Nb+Y, Al2O3-TiO2 and Harker diagrams, it is concluded that the magmatic rocks are dacite formed by 
differentiation in the late stage of lower crust partial melting in an island arc extensional tectonic environment, not the 
rhyolite formed by eruption mentioned in most literature. In addition, we believe that the magmatic rocks of Lingshan island 
undergo obvious crystallization differentiation and assimilation-contamination during their ascent, which is based on the 
consolidation index (SI), n (Rb)/n (Sr), Nb/Ta and (La/Yb) N-Sr/Y maps of rock samples. 
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Introduction 
With the help of modern technology, great progress 
has been made since the 1970s in the study of the 
genesis of magmatic rocks, especially in the modern 
ocean and Island arc areas. Progress has also been 
made studying active continental margin zones, active 
rift basins within the continents and the Mesozoic and 
post-Mesozoic magmatic genesis and magmatism of 
rift systems
1
. These results can be used to study the 
causes and mechanisms of lithospheric thinning, 
continental cracking, continental collision and plateau 
uplift. At the same time, the petrological and 
geochemical study of magmatic rocks can trace and 
reveal the material composition and evolutionary 
process of the interior earth. 
Dacite is a transition rock from andesite to rhyolite. 
Its colour is often grey with porphyritic structure, and 
a few have rhyolitic structure. Its dark minerals 
consist mainly of biotite and amphibole, and the SiO2 
content ranges from 53 % to 66 % making it an 
intermediate-acid extrusive rock. Dacite chemical and 
mineral composition is similar to granodiorite or 
quartz diorite. The genetic mechanism for dacite 
magma in different environments is different and it is 
mainly formed under three conditions: deep melting 
of crustal rocks, separation and crystallization of 
basaltic magma, magma mixing and separation 
crystallization
2,3,4
. In the oceanic environment, the 
genesis of dacite is mainly related to the 
crystallization and differentiation of basalt, whereas 
contamination and anatexis may exist in only certain 
areas (such as oceanic islands). In the continental 
environment (island arc, continental hot spot, rift), 
deep melting and separation crystallization should be 
the main reasons for the formation of dacite-rhyolite 
magma, and there may be magma mixing and 
contamination. 
Dacite is a common type magmatism rock related 
to subduction-related, its porphyry belongs to 
metaluminous and high-K calc-alkaline series, with 




prophyroclastic or embayed quartz. The difference 
between light REE and heavy REE is obvious, often 
with Eu anomaly. It is usually generated by partial 
melting of a subducted oceanic crust
5
. Because of the 
typical of subduction-related volcanism, the dacites 
have distinctly low abundances of some elements, 
such as Ti, Nb, Ta, Zr, Th, and REEs
6,7
. The magma of 
dacite is formed by the melting, differentiation and 
assimilation of andesite parent rocks, and then 
gradually rises to the shallow crust under the action of 
buoyancy, which stagnates and begins to crystallize 
before eruption
8
. The intrusion of dacite is often 
associated with multiple metal deposits, such as the 
intrusion of dacitic volcanic rocks with silver and  
tin mineralization
9,10
, the dacite characterized by  




The island-arc dacite is characterized by 
enrichment of light rare earth elements and depletion 
of high field strength elements (Ta, Nb)
12
. In the mafic 
andesite-dacite (MAD) tectonic setting, there is the 
landmark magmatic assemblage of the island arc 
continental margin. It is often developed in the outer 
zone of the igneous arc on the sea side. In the inner 
zone of the igneous arc near the Inland side, low-Mg 
(or normal) andesite-dacite and its intrusive rock 
assemblages are often developed
13
. The occurrence of 
island arc dacite represents plate subduction
14
. The 
island-arc dacite forms by the condensation of 
intermediate-acidic magma formed by subduction  
and partial melting of MORB-like plates at depths of 
75-80 km
15
. Na-rich adakitic dacite forms in the 
oceanic continental subduction environment by partial 
melting of earlier subducted oceanic plate. 
Lingshan island is part of the Late Mesozoic 
offshore rift basin in eastern Shandong Province. The 
main body of the island is composed of two sets of 
rocks, namely the lower sedimentary rocks (the 
Fajiaying Formation of the Laiyang Group) and the 
upper magmatic rocks (Qingshan Period)
16
. Many 
scholars have carried out detailed research on 
Lingshan Island involving the lithology, sedimentary 
structure and environment of the sedimentary rocks. 
For example, someone determined that the 
sedimentary environment of these rocks was marine 
deposits, and the formation with marine flysch 
structure was designated the Lingshan island 
Formation
17
. Someone believed that the deformation 
structure of soft sediment in Lingshan island was 
triggered by paleoearthquakes. Someone holds that 
there are three sets of sliding bodies in the 
sedimentary rocks of Lingshan island. The first has 
secondary sliding surfaces, the second does not 
develop deformed sandy shale, and the third does not 
deform, indicating that there was not enough time to 
deposit sand-shale interbeds before sliding again
18
. 
Someone thought that the turbidites and their 
inclusions of collapse folds in Lingshan Island were 
records of deep-sea sediments that could not be 
regarded as the basis of intracontinental shallow-
water delta sediments. According to some 
sedimentary structures and phenomena in sedimentary 
rocks, he inferred that the ancient slope of Lingshan 
island was N-W high S-E low, and the facies of  
the sedimentary rocks in Lingshan island is 
intracontinental delta
19
. Someone thought that the 
sedimentary facies are different from the bottom to 
the top, with the lower part being gravity flow, the 
middle part being turbidity flow, and the upper part 
being a continental delta front
20
. 
Lingshan island is located in the eastern part of 
Qingdao granite body, about 6 km away from the 
mainland. Whether Lingshan island is related to the 
granite body of the mainland has not been studied 
much so far. The Laoshan granitic complex in East 
China is composed of many intrusive units which can 
be divided into two distinct suites, I-type and A-
type
21
. A Laoshan granite is a typical calc-alkaline 
and super-alkaline Mesozoic granite complex
22
. These 
two groups of Laoshan granites originated from their 
respective magma sources, experienced different 
paths and were restricted by different physical and 
chemical conditions
23
. A review of relevant literature 
shows that there are few studies on the Lingshan 
island magmatic rocks, and there are great 
divergences in these, especially on their lithology.  
For example, someone believe that the igneous  
rocks in the middle part of Lingshan island are 
rhyolite, they also discovered andesitic volcaniclastic 
rocks on Lingshan island
24
. Based on a detailed  
field investigation, microscopic identification and 
petrogeochemical analysis, it is considered that the 
magmatic rocks in the middle part of Lingshan Island 
are dacites. According to the mineral assemblage, 
structure, trace elements and major elements, it is 
inferred that the magmatic rocks in the study area are 
dacites formed by differentiation in the late stage of 
lower crust partial melting in the island arc 
extensional tectonic environment, and not rhyolite 
formed by eruption mentioned in most literature. 




Materials and Methods 
 
Regional geological background 
Lingshan island (east longitude 120°09’43”; north 
latitude 5°46’ 09”) is located in the Yellow Sea 
southeast of Qingdao City, Shandong Province, 
Eastern China. It is 5.3 nautical miles from the nearest 
land of Dazhushan, covering an area of 7.66 square 
kilometres and an elevation of 513.6 metres. It is an 
island formed by compression and tilting and is the 
highest island in northern China
25
. Lingshan island is 
located in the Sulu orogenic belt, between the Jiaonan 
and Qianli rock uplifts, an area mainly controlled by 
the collision between the Yangtze and North China 
plates (Fig. 1). Lingshan island experienced four 
tectonic events from the Laiyang to Qingshan: NW-
SE extension in the Laiyang, NW-SE compression in 
the late Laiyang, NW-SE extension in the Qingshan, 
and NW-SE compression in the late Early Cretaceous. 
Especially in the Qingshan period, the magmatic 
activity was frequent. 
Field observation shows that there are obvious 
differences and boundaries between the rocks in 
Lingshan island. According to the data, the rocks on 
the island are mainly igneous rocks of the Bamu 
formation (k1b) of the Qingshan group in the upper 
part and the sedimentary rocks of the Fajiamin 
formation (k1f) of the Laiyang group in the lower part. 
Its age is older than 120 Ma, indicating late Jurassic to 
early Cretaceous (Fig. 2a). A set of turbidites is 
developed in the lower part of the sedimentary rock 
(Fig. 2c), and a set of deep-water sediments 
interbedded with grey-black mudstone and grey-
yellow sandstone is developed in the upper part  
(Fig. 2d). The igneous rock is unconformable on the 





Lithology of the magmatic rocks on Lingshan island 
 
Macroscopic characteristics of the magmatic rocks 
Nine sampling sites were selected in the field 
survey, all of which are located in the western part of 
the island's magmatic rocks and run through the entire 
suite from south to north (Fig. 1). Field observation 
 
 
Fig. 1 — Structural characteristics and sampling point map of Lingshan island 




shows that a fresh surface on magmatic rocks in 
Lingshan island is mostly grey-white with severe 
weathering, with a weathering  crust of  1-5 cm. Large  
plagioclase phenocrysts with good crystalline shape 
can be observed on the fresh surface through a 
magnifying glass. Generally they are approximately 2 
mm, and locally large grains can reach 1 cm (Fig. 3a). 
The magmatic rocks on Lingshan island have evident 
eruptive structural features, and some of them have 
stomatal structures, but the pore size is generally 
small, approximately 3 mm. Some are filled with 
calcite, forming almond structures (Fig. 3b). The rock 
has local patch structure that may be formed by 
mixing and heterogeneous metasomatism. In addition, 
there are obvious flow structures in some parts of the 
rock (Fig. 3c). According to the above characteristics, 
we can infer that the magmatic rocks of Lingshan 
island are extrusive or hypabyssal. In addition, the 
freshness of the rock at sampling points 5 and 7 is 
grey and consistent with the whole, whereas at 
sampling point 6 in the middle, it is brown with no 
stomatal and almond structures and no fear of 
eruption. It is inferred that there is an intrusion of 
neutral rock at this location (Fig. 3d). 
On the whole, the fresh rock surface is lighter, 
generally grey and has porphyritic structure. The 
tectonic features of the rocks are not obvious, and 
they are homogeneous massive structures. Local rocks 
contain rhyolite, with almond and stomatal structures. 
The main minerals observed directly in the rocks are 
plagioclase and the minor minerals are quartz, 
pyroxene and alkaline feldspar. Therefore, according 
to their colour and structure, the magmatic rocks in 
the study area are extrusive or hypabyssal, and the 
lithology is slightly neutral (Table S1). 
 
Microscopic characteristics of igneous rocks on Lingshan island 
By observing the thin sections of the magmatic 
rocks on Lingshan island with a polarizing 
microscope, it is concluded that the mineral types at 
different sampling points tend to be the same, and the 
main minerals are plagioclase, quartz, mica, 
amphibole, alkaline feldspar and pyroxene. These 
minerals can be divided into two groups according to 
their assemblages. One is close to the intermediate 
rock series, with high plagioclase content, mainly 
located in the northern part of the study area, and the 
other consists of the slightly acidic rocks with low 
 
 
Fig. 2 — Characteristics of sedimentary rocks and magmatic rocks in Lingshan island: a) sedimentary and magmatic boundary; b) gray-
white dacite; c) deformed turbidite; and d) gray mudstone interbedded with thin yellow sandstone 




plagioclase content, mainly located in the southern 
part of the study area. 
 
The microscopic characteristics of rocks at the L-6 sampling 
point in the south: 
The rocks are semicrystalline with porphyritic 
structure (Fig. 4a). The light-coloured porphyry 
minerals are plagioclase and potassium feldspar, with 
poor euhedral degree and most are heteromorphic. 
The dark minerals are mainly pyroxene, most are 
euhedral crystals. There are inclusions of dark 
minerals such as amphibole and biotite in the 
plagioclase cracks, and the dark edge structures of 
biotite and amphibole can be seen (Fig. 4b). Quartz 
has dissolution structures, mainly in the shape of a 
harbour and round. The matrix is vitreous, and felsitic 
(Fig. 4c) and spherulitic textures can be observed 
locally. This indicates that the matrix is undergoing 
devitrification and is still in the initial stage because 
no skeletal crystals have been found. The phenocrysts 
are mainly plagioclase, accounting for 14.9 %. The 
secondary minerals are quartz and alkaline feldspar. 
The quartz content is 4.9 % (most are β quartz;  
Fig. 4d), the alkaline feldspar content is 4.9 %, the 
pyroxene content is 2.1 %, and the amphibole and 
mica content is 12 %. According to the designation 
principles for igneous rocks, it is generally deduced 
that the rocks are rhyolitic dacite. 
 
The microscopic characteristics of rocks at the L-3 sampling 
point in the north: 
The rock is semicrystalline with porphyritic 
structure, and the porphyry is mainly plagioclase and 
pyroxene with larger crystals. In addition, there are 
quartz, mica, amphibole, and so on. These minerals 
are relatively small crystals, with poor euhedral 
degree, and the quartz is mainly beta quartz. 
Plagioclase has high euhedral degree, and shows an 
obvious zonal structure, indicating that it is close to 
neutral basic plagioclase  (Fig. 4e).  Some  plagioclase  
 
 
Fig. 3 — Macroscopic structural characteristics of magmatic rocks 
 




breaks up mechanically and produces cracks, which 
are filled with dark minerals such as quartz, 
amphibole and mica. The matrix has felsitic and 
spherulitic texture in the initial stage of 
deglassification (Fig. 4f). The content of plagioclase 
in phenocrysts is 25.3 %, as the main mineral. The 
secondary mineral is  quartz. Its content is  5.6 %. The  
content of mica and amphibole is 8.2 %, pyroxene is 
2.1 %, and potassium feldspar is approximately 2 %. 
In addition, the matrix contains a small amount of 
microcrystalline minerals that are grey green and 
hexagonal. It is speculated to be aegirine. Compared 
with the rocks in south Lingshan Island, the 
plagioclase proportion of the rocks in the north is 
 
 
Fig. 4 — Rocks microscopic characteristics of sampling point L-3 and L-6 
 




relatively high, the dark mineral content increases, 
and the rocks gradually transition to the intermediate 
rock series. It is generally inferred that the lithology 
of the rocks is dacite. 
The rhythmic structure of plagioclase is a mixture 
of equilibrium structure and dissipative structure. 
During the process of magma rising, condensation 
and crystallization occur. If the core temperature is 
lower than the edge temperature and the high melting 
point crystals of early crystallization cannot react 
fully with the magma, the core still retains the basic 
residual, while the acidic components near the core 
grow coaxially, forming the annular structure of 
plagioclase
26
. The plagioclase porphyry zones in 
volcanic rocks are widely used to invert the evolution 
history of magma. They can not only explore  
the physical and chemical conditions of their 
crystallization, but also constrain multi-stage magma 
injection, magma convection and contamination of the 
crust. Hypabyssal rocks generally undergo rapid 
cooling process, in which plagioclase often develops 
zonal structure. Higher magmatic cooling rate will 
result in significant differences in crystal growth rate, 
element diffusion rate and element sealing 
temperature with volcanic rocks
27,28
. In addition, other 
mineral grains in magmatic rocks can also have zonal 
structures, such as the "thin silver edge" zones of gold 
mineral grains, which are generally formed by 
sedimentary differentiation and diagenesis
29
. If the 
pyrite is in a relatively open system, and its edge is 
weathered due to fluid metasomatism, while the core 
retains the characteristics of primitive magma origin 
and can also form a ring structure 
30,31
. 
The microscopic characteristics of the rocks  
from other sampling sites are similar to the above. 
Their mineral content, association, texture and 
structural characteristics are similar. In summary, the 
magmatic rocks of Lingshan Island can be  
divided into two types, namely, the intermediate  
rock series in the north and the acid rock series  
in the south (Table S2). 
It is concluded that the thin sections of the 
magmatic rocks in Lingshan island have porphyritic 
texture. The main porphyry minerals are plagioclase, 
followed by pyroxene, alkaline feldspar and quartz, 
most of which is β quartz. The matrix is vitreous, 
with felsitic, radial and matted crystalline textures. 
As a whole, the plagioclase content is 20 %, the 
quartz content is 4.5 %, the alkaline feldspar content 
is 2.5 %, and the pyroxene content is 2 %. In 
addition, the matrix contains approximately 10 % 
micro-crystalline biotite and hornblende (Fig. S1).  
By projecting the mineral content of the  
sampling points onto the Q-A-P map, it can be 
concluded that there are some differences between  
the south and the north of Lingshan island  
magmatic lithology. The quartz content of the 
phenocryst minerals in the southern rocks ranges from 
20 % to 30 %, and the plagioclase is mainly 
oligoclase. The lithology is rhyolitic dacite. The 
quartz content of the phenocryst minerals in the 
northern rocks is slightly lower, between 10 % - 20 % 
(Fig. 5). The plagioclase is mainly andesine, and its 
lithology is believed to be dacite. 
 
Elemental analysis of Lingshan island magmatic rock  
 
Major elements 
According to the main elemental analysis of 
magmatic rocks in the middle part of Lingshan island, 
the SiO2 content of Lingshan island magmatic rocks 
ranges from 56.54 % to 61.76 %, with an average of 
59.63 %, which belongs to the intermediate rock 
series. The magmatic rocks have obvious high 
aluminium (Al2O3: 14.91 % - 17.16 %, average:  
15.76 %), high calcium (CaO: 4.57 % - 6.12 %, 
average: 5.29 %), rich iron (TFe2O3: 4.53 % - 6.40 %, 
average: 5.42 %) and low titanium (TiO2: 0.94 % - 
1.09 %, average: 1.01 %). The MgO content ranges 
from 1.22 % to 3.58 %, with an average of 2.36 %. 
The P2O5 content ranges from 0.41 % to 0.51 %,  
with an average of 0.46 %. In addition, the content of 
Na2O in the rock is higher than K2O, and the value of 
 
 
Fig. 5 — Q-A-P diagram for lithology discrimination 




K2O / Na2O ranges from 0.35 to 0.85, with an average 
of 0.64, indicating that the rock is rich in Na. The 
total alkali (Na2O+K2O) content of the rocks is 
between 6.16 % ~ 7.87 %, with an average of 6.78 %. 
The high Al, Ca, Si, alkali and low Ti of the 
magmatic rocks in the study area are consistent with 
dacite (Table S3). 
The magmatic rock Rittman index (δ) in the study 
area is 2.14 - 2.67, with an average value of 2.65, 
which belongs to calc-alkaline rock. By analysing the 
P2O5-Zn diagram and SiO2-(Na2O+K2O) diagram, it 
can be concluded that all the sample data points are 
located in the subalkaline rock series area, which 
indicates that the alkaline content of the magmatic 
rocks in the study area is low, and that they belong to 
a non-alkaline series that are normally classified 
magmatic rocks (Fig. 6a). 
According to the analysis of the Minpet magmatic 
rock geochemical map, most of the sample data points 
in the study area are located in the dacite and andesite 
series, which indicates that they are generally 
intermediate extrusive. However, through the analysis 
of the texture and mineral content, it can be concluded 
that there are certain differences between the 
Lingshan island magmatic rocks and andesite, such as 
higher SiO2 content of the Lingshan island magmatic 
rocks. The rock matrix has no interlaced texture, the 
vitreous content is higher and the plagioclase content 
 
 
Fig. 6 — Different types of magmatic rocks classification: a1) Relationship between Zr and P2O5; a2) Relationship between SiO2 and 
Alkali component; b1) Relationship between Zr and TiO2; b2) Relationship between SiO2 and Zr/TiO2; c1) Relationship between metal 
oxide and SiO2; and c2) TAS diagram of magmatic rocks 




of the phenocryst minerals is higher, but the dark 
mineral content is less. All these things show that the 
composition of the original magma and the different 
evolutionary processes make it different from andesite 
(Fig. 6b). 
Dacite is an intermediate-acid extrusive rock whose 
composition (chemical composition and mineral 
composition) is comparable to that of granodiorite or 
quartz diorite. The dacite is mostly porphyry 
structure, the phenocrysts are mostly neutral 
plagioclase, the matrix is fine feldspar, quartz and so 
on, and some have rhyolite structure. Dacite is often 
associated with rhyolite, trachyte, andesite and  
quartz porphyry. During field investigation and 
laboratory experiments, some samples show similar 
characteristics to andesite. Therefore, it is precisely 
because of the similar nature and homology of the two 
rocks that some of the points in the figure appear to be 
close to or projected to the range of andesite. 
From the SiO2 content relationship with other oxides 
of the Lingshan island magmatic rocks, they belong to 
the area where neutral rocks transition to acidic, 
consistent with the previous conclusion: dacite. The Al 
saturation index (A/CNK) of rock samples in the study 
area is 1.24 - 1.57 with an average of 1.38, which 
belongs to supersaturated aluminous rocks. By 
analysing the total alkali-silica (TAS) diagram of the 
Lingshan island rocks, it can be concluded that most of 
the sample points are located in the transitional zone 
from intermediate to acidic rocks, and similar rock 
types are mainly trachy-andesite, dacite and andesite. 
According to the macroscopic and microscopic 
characteristics of the field, the magmatic rocks of 
Lingshan Island are extrusive, and their lithology is 
close to dacite (Fig. 6c). 
 
Analysis of trace elements 
The result of trace element analysis and the 
calculation of eigenvalues in Lingshan island 





, with an 
average of 324.68×10
-6
, which is much higher than 
the upper crust (165.35×10
-6
). The rocks are 















The ratio of W (Rb) / w (Sr) ranges from 0.02 to 0.07, 





, and its average is 
23.37× 10
-6





, and its average is 2.08×10
-6
. 
The content of Y is approximately 10 times Yb, 
which indicates that the HREE is a flat type. (wLa / 
wYb) n ranges from 16.86 to 24.49; (wSm / wYb) n 
ranges from 3.63 to 4.66, with an average of 4.09; 
(wGd / wYb) n ranges from 2.91 to 3.68, with an 
average of 3.23; (wDy/ wYb) n ranges from 2.03 to 
2.37, with an average of 2.23; (wCe / wYb) n ranges 
from 51.53 to 73.80, with an average of 62.59. The 
distribution patterns of rare earth elements were 
highly differentiated. The light and heavy REEs were 
enriched and the HREE are relatively depleted, the 
fractionation degree of rare earth elements is 
relatively large (Table S4). 
By analysing the REE chondrite standardized and 
REE standard mantle spider diagram (Fig. 7), it can 
be concluded that there is almost no negative Eu 
anomaly (δEu ranges from 0.90 to 1.00, with an 
average value of 0.96) in the magmatic rocks of the 





, with an average 
of 2.46×10
-6
, which is similar to the dacite in the 
southern margin of the North China Plate
32
. 
Therefore, from the point of view of trace element 
analysis, the magmatic rocks of Lingshan island 
should be dacite, corresponding to the previous 
conclusions of this paper. 
 
 
Fig. 7 — Standardized diagram of REE chondrite 






Origin and tectonic setting 
The trace element primitive mantle spider diagram 
shows that crustal elements such as Th, Zr, U, Ba and 
Pb are enriched and incompatible elements such as 
Nb and Ti are depleted, which indicates that the 
magma has the characteristics of the crustal melting 
source. Because the potash feldspar crystals are rich 
in K and Rb, the corresponding n (Sr) / N (Rb) value 
will increase if potash feldspar crystallizes in the 
magma. The K elements of Lingshan magmatic rock 
are extremely deficient, and the n (Rb) / n (Sr) value 
is between 0.02 and 0.07, with an average of 0.05. 
This indicates that there has been obvious 
crystallization of potash feldspar in the source 
magma, consistent with a large number of potash 
feldspar crystals in the rocks. In addition, the w (La) / 
w (Nb) values of magmatic rocks in the study area 
range from 4.18 to 6.13, with an average of 5.31, 
which was higher than the continental crustal average 
(2.2). The w (Th) / w (Nb) values range from 0.58 to 
0.69, with an average of 0.63, which was also higher 
than the continental crustal average (0.44). All this 
indicates that the magma also has characteristics of 
mantle mixing. Therefore, the source magma area  
of Lingshan island rocks may have been produced by 
the co-melting of the crust and mantle at 30 km 
beneath the earth's crust, where the pressure is 
approximately 0.8 - 1.3 Gp and the temperature is 
approximately 700 - 800 °C
33
. 
In addition, it is proven that the magmatic rocks in 
the middle part of Lingshan island were formed at 120 
Ma. At that time, the Yangzi plate was subducting 
towards the North China plate
34, 35
, and the study area 
was in an extensional tectonic environment. Sampling 
points fall into the VAG area on Nb-Y (Fig. 8a) and 
Rb-Nb+Y (Fig. 8b) diagrams, and fall into the ARC 
area on Al2O3-TiO2 diagram (Fig. 8c), which also 
indicates that the magmatic rocks in the study area 
were formed in an island arc extensional tectonic 
environment. It can be concluded from the above 
study that Lingshan island was subducted during the 
Cretaceous. Under this condition, magma erupted and 




From south to north Lingshan island, the magmatic 
rocks are variable, and the lithology of sampling 
points is different, mainly in rock colour, mineral 
content and mineral assemblage type. As the sampling 
point moved southward, the fresh colour of the rock 
changed from cyan to greyish white, indicating that 
the content of light minerals increased and the content 
of dark minerals decreased gradually (Fig. 9). From 
the mineral assemblage, the pyroxene and plagioclase 
contents in the rocks decrease gradually from north to 
south, whereas the quartz content increases gradually, 
which indicates that the rocks tend to transition to 
acidic rocks. Based on the macroscopic and 
microscopic identification of the rocks and the points 
on the Q-A-P diagram, it is inferred that the magmatic 
rocks in the middle of Lingshan island are standard 
dacites, and their lithology tends to be rhyolite in the 
south, rather than rhyolite series. Of course, this 
conclusion may be related to the insufficient number 
of sampling points and the incomplete experimental 
analysis. We will continue our research in this area 
and try to understand the distribution and spatial 
variability of the magmatic rocks in Lingshan island. 
The La/Sm values of the samples ranges from 6.76 
to 8.47, with an average value of 7.72, greater than 5, 
which indicates that the assimilation and 
contamination of the samples are very obvious. In 
addition, relevant studies have proven that if a group 
 
 
Fig. 8 — Nb-Y; Rb-Nb+Y and Al2O3-TiO2 tectonic environment discrimination diagram (Pearce, 1984) 




of rocks were formed by the evolution of homologous 
magma, their projection points on the composition 
variation diagram should have good correlation. 
According to the Harker diagram of the lingshandao 
rock samples (Fig. 10), there is good correlation 
between different oxides and SiO2. The content of 
SiO2 increases from 56.54 % to 61.76 % as the 
sampling point moves southward, and the contents of 
MgO, MnO, TiO2 and Fe2O3 decrease gradually. 
However, there is a certain correlation between them, 
indicating that magmatic differentiation plays a 
dominant role in the evolution process
36
. Therefore, 
this lithological change from north to south (from 
neutral to acidic gradient) of the magmatic rocks in 
Lingshan island may be caused by the differentiation 
of the magma in the process of ascending, consistent 
with the previous conclusion that Lingshan island is 
an N-W high and S-E low paleoslope
37,38
. 
Lingshan island is small in size, but the evolution 
of magma is not closely related to the size of the 
magma body, it is mainly influenced by the material 
composition of the magma source area, the degree of 
partial melting and the difference of physical and 
chemical conditions during the formation of magma, 
and various complicated magmatism processes from 
source separation, final location to cooling diagenesis 
also promote the diversified evolution of magma. 
Generally, magma evolution is accomplished by 
magma differentiation, crystallization differentiation, 
magma mixing and assimilation mixing, which are 
 
 




Fig. 10 — Harker diagram of the lingshandao rock samples 
 




not only influenced by geological conditions and 
structural characteristics, but also strictly controlled 
by physical and chemical conditions during magma 
crystallization
39,40
. The larger the size of magma body, 
the greater the probability of its evolution; however, 
small-scale magma body can also differentiate and 
evolve when it meets certain physical and chemical 
conditions
41
. If the volume of intrusive magma is very 
small, the difference of dissolved volatile component 
content will become larger, and the mixing degree of 
intrusive magma and wall rock will be different, 




Current data show that the scale of the magma 
body in Lingshan Island is not large, but there are 
obvious lithological differences in the South and north 
of the island. From north to south, the magma body 
gradually transits from neutral to acidic rocks, which 
is a small-scale magma body variation
43
. We believe 
that the main reason for the differentiation of magma 
in Lingshan island is that small magma pulses first 
differentiate in depth and rise intermittently. When 
they are near the surface, they are influenced by 
tectonic activities and fault zones, resulting in 
crystallization differences in time and space, leading 




The colour of the magmatic rocks in the study area 
is greyish-white, with macro-structural characteristics 
of extrusive rocks such as rhyolite, and stomatal  
and almond structures. Microscopic structural 
characteristics of porphyritic, fine and dissolution 
structures can be observed under the microscope. The 
rocks are characterized by high aluminium, calcium, 
silicon, alkali, and low titanium. The LREE elements 
are enriched and HREE elements are depleted. 
Comprehensive identification of various lithological 
indicators can confirm that the magmatic rocks of 
Lingshan island are dacite. 
By analysing the mineral content and Q-A-P  
and TAS diagrams, it can be seen that the lithology of 
the magmatic rocks in Lingshan island varies 
gradually from north to south. The content of 
plagioclase and dark minerals decreases, the content 
of SiO2 increases, and the acidity increases gradually, 
but the so-called rhyolite has not yet been formed. 
This is only an inconspicuous lithologic excess,  
which may be caused by the differentiation of magma 
during its ascent. 
The analysis of trace element data shows that 
Lingshan island was subducted during the Cretaceous 
and that the magmatic rocks in the study area were 
formed by partial melting of the lower crust under an 
island-arc extensional tectonic environment, they 
have undergone crystallization and assimilation-
contamination during their evolution. 
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